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Abstract
Cracks, formed during the drying of particulate films, can reduce the effectiveness
or even render products useless. We present a novel, generic approach to suppress
crack formation in thin films made from hard particle suspensions, which are otherwise
highly susceptible to cracking, using the capillary force between particles present when
a trace amount of an immiscible liquid is added to a suspension. This secondary liquid
preserves the particle cohesion, modifying the structure and increasing the drying rate.
Crack-free films can be produced at thicknesses much greater than the critical cracking
thickness for a suspension without capillary interactions, and even persists after sin-
tering. This capillary suspension strategy is applicable to a broad range of materials
including suspensions of metals, semiconductive and ceramic oxides or glassy polymeric
particles and can be easily implemented in many industrial processes since it is based
on well-established unit operations. Promising fields of application include ceramic foils
and printed electronic devices.
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1 Introduction
Crack formation during drying is a ubiquitous phenomenon important in soil science as
well as industrial material and processing development. Understanding crack formation in
particle films and developing strategies to suppress crack formation is an important field of
research, as desired product properties generally decline with the occurrence of cracks.1,2
Dried mud, paint coatings, ceramics and many other materials can show cracking during
and after solvent evaporation. However, cracking is of utmost importance in hard particle
coatings, such as those used in, for example, printed electronic devices such as battery
electrodes,3 photonic crystals or antireflective coatings,4,5 filtration operations, as well as the
processing of catalysts and ceramic materials,6 all of which are plagued by this phenomenon.
During the drying process, evaporation leads to solvent retention into the particle net-
work. Menisci form between the particles at the liquid–gas–solid interface, inducing capillary
forces and a capillary pressure. The capillary pressure pc can be expressed by
pc =
2γ cos θ
rp
(1)
assuming a cylindrical pore with radius rp is wetted by a solvent with wetting angle θ and
surface tension γ.7 Hence, a decreasing pore size results in a higher capillary pressure, which
acts on the particles and pulls them together. In real systems, pore sizes vary and broad
distributions lead to a more pronounced inhomogeneity in the resulting drying stress.8–11
This capillary pressure also changes during drying as the distance between particles becomes
smaller. As this capillary pressure overcomes other forces, such as the compressive stress,
cracks form in the film.
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There have been many strategies that have been put forth in recent years to reduce
cracking. Variations in particle size, shear modulus, interparticle forces, and thermodynamic
properties such as temperature, humidity, or gas flow rate, have all been shown to affect the
shape and appearance of cracks.12 Rheological properties, such as the yield stress of the
suspension, and vibrational preconditioning of the paste have also been shown to correlate
with crack development.13 For biological and biomimetic materials, a spatial variation of the
elastic moduli on the microscopic scale has shown to affect and hinder crack propagation.14
Because of to the generally high shear modulus of inorganic particles, corresponding
suspensions are more prone to exhibit cracking during processing. These crack morphologies
are dependent on the particle shape as well as any microstructure formed by a percolated
network as these particles dry.15 Common solutions proposed to achieve fracture-free layers
from suspensions include the use of soft particles with a sufficiently low glass transition
temperature to allow for a relaxation of the drying induced interparticle tensile stress by
deformation, the addition of a plasticizer, polymer, or a blend of soft and hard particles
to provide the required deformability of the particles.16–18 The use of a soft substrate, or
changing other substrate properties such as the wetting and roughness, can also reduce
crack formation.19 Another approach is to coat a colloidal precursor. The evaporation of the
solvent leads to an in–situ growth of the particles, which replaces the arising void volume
and thus avoids crack formation while drying.20,21 Sometimes, however, the specific material
composition is restricted. In these cases, multistep coating procedures, increased drying
time, or a method of inducing colloidal crystallization during coating can be used to reduce
cracking.18,22,23 Using a multistep approach or long drying times can be time consuming and
costly, however.
The particles can also be incorporated into an existing gel matrix or cracks can be reduced
through attractive interactions causing the formation of a percolating particle network.24–26
In certain applications, however, residual components, for example, a polymeric binder, can
be undesirable.27 Jin et al. also showed that the incorporation of emulsion drops can be used
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to decrease the amount of cracking.28 In this case, increased fractions of the dispersed fluid
slowed the rate of air invasion, which may have accounted for the observed change in the
cracking pattern. Since the emulsion fluid can be completely removed (though some residue
from the surfactant will still be present), the method of Jin et al. is a versatile method to
control cracking. A method that combines the use of a secondary fluid (without surfactants)
and an induced particle network, should be an even more powerful approach, particularly
when the final material composition is strictly limited.
Various relations have been proposed to describe the critical cracking thickness (CCT,
hmax).24,29–31 These relations focus on capillary pressure, particle shear modulus, and size,
as well as particle coordination number and packing properties of the film. However, other
important aspects like drying conditions, substrate properties or the effect of additives are
not considered. Moreover, such models are restricted to specific boundary conditions, such
as stress- or strain-limited drying regimes. Therefore, such relations are of limited use for
quantitative predictions of CCT and it is often better to directly measure the maximum film
height for each system at the specified conditions.
Here, we present a generic novel strategy to suppress crack formation during drying of
particle suspensions by taking advantage of capillary forces inferred via the addition of a small
amount of a second liquid that is immiscible with the main or bulk fluid of the suspensions.
Such ternary particle–liquid–liquid systems are termed capillary suspensions.32,33 Capillary
forces can lead to the formation of a particulate gel comprising a sample-spanning particle
network, regardless of whether the secondary liquid wets the particles better or worse than
the bulk phase.32 Two types of capillary suspensions are distinguished depending on the
two-liquid wetting angle θ2l that the secondary liquid forms against the solid surface in the
bulk phase environment. In the pendular state (θ2l < 90◦), the secondary liquid wets the
solid phase better than the continuous phase and forms pendular shaped bridges between the
particles. In the case where θ2l > 90◦, termed the capillary state, the particles form clusters
around small volumes of the second liquid.34 Reported technical applications of capillary
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suspensions cover a broad range of materials and products including novel food products,
such as heat stable or low calorie chocolate spreads,35,36 pastes for printed electronics like, for
example, slot-die-coated lithium-ion battery electrodes37 or front contacts of solar cells with
high shape accuracy,27 capillary suspension-based foams38 as well as precursor for highly
porous ceramic and glass membranes.39
In this Research Article, we focus on pendular state capillary suspensions and demon-
strate how crack formation is suppressed and drying is accelerated in these systems. A
pendular shaped liquid bridge exerts a capillary force Fc between two adjacent particles of
same radius R is given by
Fc = 2piRγ2l cos θ2l (2)
with the assumptions that the particle separation is zero and the liquid bridge, with the
interfacial tension γ2l, is smaller than the particle size.40,41 More generally, the force will
depend on the volume of the liquid bridge as well as the filling angle and the shape of the
droplet.42,43 Further corrections can be included for particles that are not in contact and for
rough particles.44,45 Generally, the capillary attraction is significantly higher and acts over
larger distances than the omnipresent van der Waals force.32 The influence of charge occurs
at a very short range and can slow or even prevent particles from approaching. When a
bridge does form, the affinity of the interface to the solid surface (e.g. from van der Waals
and electrostatic forces) can modify the profile of the drop within a range up to 100 nm.46,47
The macroscopic contact angle and macroscopic attraction is not affected by this core region,
however. The influence of the charge in combination with a capillary interaction depends on
the wettability of the surface. Yamamoto et al. showed that the interaction between micron-
sized polymer spheres and a silicon wafer with water adsorbed to the surfaces depends on
the wafer surface treatment.48 Hydrophobic surfaces showed an electrostatic interaction at
all distances, while the interaction for hydrophilic surfaces changed from electrostatic at long
distances to capillary at short distances.
Suspended particles connected by pendular bridges can assemble into sample-spanning
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networks even at low particle volume fractions φ. Such particulate gels then exhibit a yield
stress σy, which for equally sized particles is given by
σy = f(φ)g(S, s˜)
γ2l cos θ2l
R
(3)
where the number of contacts per particle is captured by the function f(φ).49,50 The nor-
malized particle separation s˜ = s/R is considered in the term g(S, s˜) along with the amount
of secondary liquid added to the suspension, described by the saturation S 32,51
S =
Vwetting fluid
Vtotal fluid
(4)
The thermodynamics of drying capillary suspensions are very complex. Mass transfer
is influenced by numerous parameters such as the diffusivity of the secondary liquid in the
bulk fluid, the low solubility of the secondary liquid in the bulk phase, the Laplace pressure
in the liquid bridges or the equilibrium partial pressure of both liquid components in the
ambient gas phase.52 The drying process of binary liquid mixtures in porous media has been
investigated before, but research is essentially limited to miscible liquid combinations.53,54
This complexity can be used to tune the drying process allowing the morphology and drying
rate to be controlled.
2 Experimental Section
2.1 Sample Production
To create the capillary suspensions, TiO2 particles (Evonik, Aeroxid P25, Essen, Germany,
average aggregate radius R50,3 = 0.39 µm, polydispersity (R90,3 − R10,3)/R50,3 = 2.62), ZnO
particles (Evonik, VP ADnano ZnO, Essen, Germany, mean aggregate size according to
supplier <0.18 µm), and hydrophobically modified CaCO3 (Solvay, Socal U1S1, Salin de
Giraud, France, R50,3 = 0.9 µm, polydispersity of 1.54) were dispersed in n-octanol (Merck,
6
Emplura, Darmstadt, Germany) and various volumes of distilled water were added as sec-
ondary liquid. For the infrared spectroscopy measurements, the distilled water was replaced
by deuterium oxide D2O (Carl Roth, Karlsruhe Deutschland). During sample preparation,
the particles were slowly added to the bulk fluid while stirring at low speed with a turbulent
beater blade (200 rpm), the mixture was then stirred at high speed (30 min, 1000 rpm) to
ensure a homogeneous distribution. Finally, the capillary network formation was induced by
adding varying amounts of the secondary liquid and maintaining the high stirrer speed for
another 5 min. The solid volume fraction φ of the capillary suspensions were φTiO2 = 0.04,
φZnO = 0.05, and φCaCO3 = 0.10. The TiO2 samples containing surfactant were prepared
with 10 vol% aqueous surfactant solution (Evonik, Tego Dispers 752W, Essen, Germany) as
secondary liquid.
The suspensions were coated on hydrophilic polyester foils with a doctor blade made
of brass. The doctor blade gap height was 100 µm and accurate shapes were achieved
by confining the pattern with a 60 µm thick adhesive tape to a square with 1 cm sides
and making multiple passes. The blade was drawn over the polyester foil (Folex Coating
GmbH, X-500, Cologne, Germany) with a constant velocity of 50 mm/s. This caused a shear
rate of 300 s−1, a value typical for screen printing. Additionally, this speed was chosen so
that a smooth, homogeneous and continuous wet film was generated. The viscosity of the
suspensions at the coating speed varied between 135±4 mPa·s for the sample without added
water to a maximum of 550±20 mPa·s for the S = 0.05 samples (the viscosity for the higher
saturation samples is lower than for the 5 % sample). Furthermore, multiple passes ensured
that the wet films all had the same 160 µm thickness. The films were then left in the fume
hood to dry at room temperature. Films with varying saturations were prepared and dried
simultaneously. Humidity during drying varied slightly around 75 %. After a drying time of
48 h, the sample surfaces were analyzed in a scanning electron microscope (Hitachi, S-4500,
Krefeld, Germany). The height profiles were examined with a 3D laser microscope (Keyence,
VK-X100 Laser Microscope).
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The ceramic discs were prepared with α-Al2O3 (Almatis, CT3000SG, Ludwighafen, Ger-
many, R50,3 = 0.34 µm, polydispersity of 2.40), paraffin oil as the bulk phase (Carl Roth,
Karlsruhe, Germany) and a water-sucrose solution as secondary phase (Carl Roth, D(+)-
Sucrose, Karlsruhe, Germany, 1.835 M). Additionally, the suspension contained 0.5 vol% of
the surfactant polysorbat 20 (Carl Roth, Tween 20, Karlsruhe, Germany) to avoid agglomer-
ation. The solid volume fraction of the suspension was φAl2O3 = 0.15. The suspensions were
stirred for 10 min at 1200 rpm with a turbulent beater blade, another 5 min after adding
the surfactant, and again for 10 min at 800 rpm after adding the secondary phase. The
final homogenization step was a 24-h ball mill treatment. The suspensions were coated on a
porous Al2O3 substrate, followed by a thermal debinding procedure (30 min at 200 °C, 1 h
at 500 °C and 15 min at 800 °C) and then sintered (2 h at 1550 °C). The magnified images
were made with the 3D laser microscope.
Nickel films were used for conductivity measurements. The nickel powder (abcr GmbH,
100–150 nm Nickel Nano Powder, AB 254802, Karlsruhe Germany) was dispersed in 1-
octanol with using a turbulent beater blade at 1000 rpm for 15 min. The suspensions were
stirred again at 1000 rpm for 5 min after adding distilled water. The films were coated onto
a glass substrate using a Universal Applicator (Zehntner, ZUA2000, Sissach, Switzerland)
and dried overnight at 220 °C.
2.2 Characterization
The static three phase contact angle θ2l was measured to characterize the solid–liquid–liquid
systems. The particles were pressed to a dense tablet under a pressure of 19 MPa and
sintered at 1000 °C for 5 h to achieve a densely packed structure. The sintered tablet was
polished, placed in a glass container and covered with n-octanol. A droplet of distilled H2O
or D2O was placed on the surface of the tablet using a syringe and the resulting three phase
contact angle θ2l evaluated via an image analysis program (Krüss, Drop Shape Analysis,
Hamburg, Germany). The root mean squared surface roughness of the TiO2 tablet was
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Figure 1: Infrared absorbance spectra of the pure substances of the capillary suspension
annotated with characteristic peaks for tracing the different substances.
0.33± 0.05 µm with an average distance between peak and valley of 0.8± 0.1 µm. Since the
drops we used to measure the contact angles were much larger (mm), we ignored the effect
of surface roughness. It should be stated that the difference in roughness of the particles
compared to this substrate would change the effective contact angle. Additionally, the oxide
surface may change with time or after it was heated during the sintering procedure. It is not
our intention that this contact angle be used to directly calculate the interaction force, but
rather this measured contact angle be used as an indication that the prepared suspensions
were in the pendular state.
Infrared spectroscopy (Bruker, Tensor FT-IR 27) was performed using a diamond atten-
uated total reflection (ATR) crystal to determine the chemical composition of the capillary
suspension film during drying. The suspensions were coated onto the ATR crystal with a
defined shape of 5×5 mm2 using a 100 µm doctor blade and an adhesive tape mask with
the desired cut-out area. The infrared absorbance spectra of the pure substances were also
measured as can be seen in Figure 1.
The yield stress of each suspension was determined with a rotational rheometer (Thermo
Scientific, Mars II, Karlsruhe, Germany) and sandblasted plate/plate (35 mm diameter)
geometry. By applying successively increasing stress values and measuring the resulting
9
equilibrium deformation, two distinct linear regimes can be found in a double-logarithmic
plot. The yield stress is then defined as the intersection of the two linear curve fits repre-
senting the onset of irreversible deformation. The measurement error was estimated to be
10 % and includes the reproducibility of sample preparation and measurement.
Finally, the influence of cracking on the functionality of different films was character-
ized using permeability, filtration, and resistivity measurements. Permeability of ceramic
membranes was measured using a pressure strainer (DrM, Maennedorf, Switzerland) where
the volumetric flow rate was measured using an electronic balance. The experiment was
conducted at room temperature using water with a pressure difference of 1.5 bar. The filtra-
tion tests used monomodal polystyrene particles with diameters of 1 and 5 µm (Micromer
01-00-103 and 01-00-503, Micromod Partikeltechnologie GmbH). The filtration was carried
out at room temperature using 40 mL samples with a concentration of 1×10−4 g/mL. The
filtration gauge pressure was 1.5 bar. Particle size distribution before and after filtration was
obtained using dynamic light scattering (Zetasizer Nano ZS, Malvern). Bubble point tests
were conducted following ISO 4793. The conductivity of nickel films was measured using
a four-point probe with 3.96 mm diameter electrodes spaced inline at 10 mm. The voltage
was supplied with a Voltcraft VLP-1303 Pro power supply and the current measured using a
Benning MM9 multimeter. Conductivity was measured after films were coated onto a glass
substrate and dried overnight at 220 °C.
3 Results and Discussion
Capillary suspensions promise a new formulation route for manufacturing crack-free partic-
ulate films because the capillary network can suppress stress induced, crack-forming particle
migration during the drying process. Titanium oxide TiO2 capillary suspensions with n-
octanol as bulk phase and water as secondary liquid form a pendular state network with a
three-phase contact angle of 79°. Thus, the secondary liquid forms pendular bridges between
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Figure 2: (a) Surface morphology and (b) area density M0 and average crack width after
drying for TiO2 particles dispersed in n-octanol with φ = 0.04 and increasing amounts of
secondary liquid S. (c) Yield stress σy versus saturation S for the TiO2 suspensions prior
to drying. The data point at S = 0.07 with 10 vol% Tego Dispers 752W in the secondary
liquid is additionally shown in the lower right image and as a star in panels b and c.
the particles creating a sample-spanning network that avoids sedimentation and further par-
ticle aggregation after dispersing. The SEM images in Figure 2a show the dry film surfaces
of the pure TiO2 suspension and the capillary suspensions with varying saturation S. The
images clearly demonstrate that crack formation during drying is significantly suppressed
upon addition of the secondary liquid. A difference in crack formation due to variations in
the dry film thickness can be excluded here, as this quantity only varied between 15.6 and
17.4 µm for the sheets shown.
A simple quantification of the crack development can be achieved by binarization of the
SEM images. The Minkowski number M0 describes the area density of the cracks (the crack
area divided by the total image area)55 and the resulting values are shown in Figure 2b
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as a function of saturation, quantitatively characterizing the reduced cracking. For the
sample without added secondary liquid (S = 0.00), the SEM image reveals a high number of
long cracks in the dried film. These cracks connect multiple domains and have a tip-to-tip
length spanning the image. The surface morphologies of the dry particulate films change
when adding increasing amounts of water to the TiO2 suspension. The visible number of
cracks is reduced and the size also changes to narrower and shorter cracks that no longer
interconnect to form closed domains. These average crack widths are also shown in Figure 2b,
where the error bars show the standard deviation for the crack widths. The average width
decreases roughly linearly with saturation and the standard range of widths also decreases.
The successful formation of the capillary network is evident from the increasing yield stress
as a function of the saturation S (Figure 2c). Without any added secondary liquid, the
suspension yield stress is around 10 Pa and increases by an order of magnitude when adding
up to 5 % of H2O. With 7 % of secondary liquid in the capillary suspension, the cracks
are hardly recognizable and M0 reaches a minimum—decreasing by 2 orders of magnitude.
However, spherical agglomeration occurs at saturations above the point of maximum network
strength (as measured by the yield stress) indicated by the large, round aggregates, which
are clearly visible for S = 0.07. This phenomenon has also been observed for other capillary
suspension systems.56,57 Here, a small amount of surfactant added to the secondary liquid
helps to avoid these aggregates, as shown in the bottom right image in Figure 2a without a
significant decrease in the yield stress (star in Figure 2c).
The decrease in cracking is not due to variations in the film height, which was kept
constant. Any changes due to differences in packing can also be excluded as the sheets had
the same 160 µm height before drying and nearly uniform heights, 15.6–17.4 µm, with no
trend in saturation, after drying. For the suspension without added secondary fluid, a CCT
as low as 3 µm was measured. The films shown in Figure 2 are well above this critical value
and the clear cracking observed in this film is consistent with this measurement. The CCT
measured in the suspension without added liquid is lower than measured for other ceramic
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Figure 3: Particle distribution in a nonstabilized particle suspension (left) and in a capillary
suspension (right) at various times during drying where t0 represents the initial time of
coating, t1 some later time as the film begins to dry, and t2 the time when the film is nearly
dry.
films,30,58 but those films had an aqueous bulk fluid, were dried under different conditions
and contained polymeric binders. Since our film did not contain such additives, a lower
CCT would be expected. Furthermore, the TiO2 particles used here were agglomerates
of smaller primary particles. This CCT can also be calculated for the pure suspension
using various theories, but we would have to make assumptions about key parameters.24,30
These theoretical calculations also cannot be used to predict the CCT for the pendular state
material systems since they do not include the contribution of capillary forces to the crack
formation phenomenon. This contribution is clearly significant considering the dramatic
increase in the critical cracking thickness for the capillary suspension over the suspension
without added liquid.
The schematic in Figure 3 compares a stabilizer-free suspension with a capillary sus-
pension in the wet film at various times during drying and serves as a hypothesis for the
significant difference in the critical cracking thickness in capillary suspensions. Initially, both
suspensions are completely covered by the bulk solvent. As the film begins to dry at t1 > 0,
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the solvent recedes into the pores. Most of the solvent has evaporated at a much later time
t2  t1. The nonstabilized particles agglomerate resulting in a broad pore size distribu-
tion between particles and the agglomerates. In the case of the capillary suspension, the
secondary liquid maintains the homogeneous particle distribution during the initial drying
process causing more uniform pore diameters. At a constant bulk solvent contact angle θ
and surface tension γ, the capillary pressure pc in the pores is inversely proportional to the
pore radius rp where smaller pores lead to a higher capillary compression of the surrounding
solid while drying.
Consequently, these variations in capillary pressure, which are caused by the broad pore
size distribution across the sample volume, lead to huge anisotropic stress differences during
the drying process that inevitably cause cracks.7,12 For the capillary suspensions investigated
here, the pendular bridges between the particles resist particle motion into compact domains
and therefore provide a balanced drying stress across the sample surface. Therefore, the
capillary pressure across the particulate film is uniform causing the number and size of
cracks to diminish. The typical time for motion of the particles from the capillary bridges
(tcapillary ≈ 96 ns) is much shorter than the typical time for the bridge to evaporate (tdrying ≈
500 µs),9 so response of the network to changes in the drying front can be considered to be
nearly instantaneous.
This change in the pore morphology, as well as the existence of a sample-spanning particle
network, was shown in a previous microscopy study that used an index-matched model
system.59 In that work, the direct bridging of the particles by the secondary fluid in the
pendular state as well as clustering of particles in the capillary state are visible. Neighboring
particles tend to be in contact (as evidenced by the location of the primary peak in the pair
distribution function) with adjacent particles separated by a distance slightly less than four
particle radii. This particle separation is fairly uniform for each of the capillary suspensions
imaged in that work. Furthermore, the existence of a multiply connected sample-spanning
particle network where two particles are connected through at least one pathway was shown
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in the 3D images.59 This particle network would significantly reduce particle migration since
any motion by a single particle would require movement of multiple other particles. Since
the capillary bridges are much stronger than other types of interparticle forces,32,34 this
movement is greatly hindered.
In the stress-limited regime, the critical crack thickness is given by a balance between the
elastic energy and the increased surface energy.30 Usually, this maximum stress is given by
the maximum capillary pressure (−Pmax ∝ R−1),60 but in this case, the capillary pressure
is opposed by the bridging capillary interactions with a yield stress σy ∝ R−1.50,61 This
means that the capillary pressure and the yield stress both have the same dependence on the
particle size. Therefore, we do not expect the capillary interactions to change the relationship
between the CCT and particle size.30,31 Air invasion also occurs via bursting rather than
cracking for large particles.62 The capillary network also resists such particle motion, so this
bursting may be reduced as well. The capillary suspensions may also be affected by surface
charge. Such a charge is expected to weaken the capillary interaction in the wet state48 and
decrease the final packing fraction when the film is dry.60 The influence of particle surface
charges, however, seems to be small for the systems investigated here. A strong increase in
yield stress occurs when the secondary fluid is added, that is, capillary bridges form and their
force is quite strong despite of potentially counteracting surface charge effects. Electrostatic
interactions will not have an effect on the suspension without added water.
To gain more insight into the change of sample composition while drying, infrared spec-
troscopy has been employed revealing a distinct change in drying velocity because of the
presence of the secondary fluid in the samples. The films were coated onto an attenuated
total reflection (ATR) crystal and the resulting absorption intensity of the infrared light as a
function of the wavenumber ν and time is depicted in Figure 4a–c. The absorbance spectra
of the pure substances can be found in Figure 1. The suspensions were prepared with deu-
terium oxide D2O as secondary liquid with a clearly distinguishable peak at 2476 cm−1 not
interfering with the n-octanol absorption peaks, for example, the methylene stretching reso-
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Figure 4: (a-c) Infrared absorption spectra and (d-f) corresponding surface integrals (i.e.,
intensity) of characteristic n-octanol (CH2 and OH) and Ti-O peaks for TiO2 capillary sus-
pensions with three different D2O saturations as a function of drying time.
nance frequency νCH2 = 2930 cm−1 and the alcohol specific OH-band at νOH = 3330 cm−1.63
TiO2 shows resonance at a frequency of νTiO2 = 419 cm−1 presumably corresponding to the
Ti-O lattice vibration.64,65 The area under each characteristic resonance peak was calculated
for νi ± 20 cm−1 and plotted as a function of time in Figure 4d-f. Significant differences
can be found for the drying kinetics depending on saturation. The time-resolved absorption
spectra for the sample with S = 0 are shown in Figure 4a and d. After 81 min, the ab-
sorption at the characteristic frequencies νOH (3330 cm−1) and νCH2 (2930 cm−1), indicating
the residual solvent, has disappeared. The dry film state is reached and the only remaining
peak visible, at a wavelength of 419 cm−1, is attributed to the solid TiO2. The maximum of
the TiO2 peak intensity at approximately 60 min is due to a superposition of contributions
from all components in this frequency range and does not correspond to any changes in the
Ti-O lattice. The time at which only the TiO2 peak remains and the intensity of this peak is
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constant is assumed to correspond to the state where the thin film is completely dry. Adding
D2O to the suspension shows a decrease of the drying time, with S = 0.03, the dry state
is reached after 75 minutes (Figure 4b and e), and this is further reduced to 42 min for
S = 0.05 (Figure 4c and f).
To understand how the addition of a secondary fluid reduces the time to evaporate the
bulk solvent, we assume that the bulk fluid evaporates first. The negative Laplace pressure
due to the concave shape of the pendular bridges and the interfacial tension (8.52 mN/m)66
between the two liquids prevents the rapid evaporation of the secondary liquid, keeping the
water trapped in the pendular bridges until the bulk octanol surrounding the bridges is
removed. These bridges remain during the initial drying steps holding the particles in their
initial position corresponding to a homogeneous interparticle pore size distribution during
the drying process. This hypothesis is complicated by the lower vapor pressure at ambient
conditions of the n-octanol (pv, octanol, 20◦ C = 0.031 mbar, pv, H2O, 20◦ C = 23.37 mbar) and
the low, but measurable solubility of water in octanol (48.67± 0.50 mg/g at 20 °C).67 While
this solubility corresponds to a saturation of S = 0.039, the actual amount of water dissolved
in the octanol would be much lower given the slow dissolution rate and thermodynamic
stability of concave bridges. As the bridges between particles are filled with the solvent
(water) with a higher vapor pressure, the total drying time decreases with increasing amount
of secondary fluid. This effect, however, is not as great as the large reduction in drying
time seen in the IR absorbance spectra in Figure 4. It should be noted, however that the
dissolution will be affected by the bridge size both when these bridges are surrounded by the
secondary liquid and when surrounded by air. The smaller droplets are thermodynamically
more stable than the larger droplets, but difference in force for these drops is more sensitive
to small changes in volume.
Generally, the initial mass transfer during drying is not influenced by the particle packing
unless the solid volume concentration exceeds 60-75 %, below which the evaporation rate
of the suspension is comparable to the evaporation rate of the pure bulk fluid.68,69 This
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contradicts the obviously enhanced drying rate for capillary suspensions (Figure 4). Drying
of particulate systems underlies a capillary diffusion limited regime, when the solvent recedes
into the pores. Thus, an increased solvent mass transfer for the capillary suspensions might
be attributed to the improved wetting of the capillaries due to hydrogen bonds that can
be formed between n-octanol and water.70,71 Alternatively, the evaporation rate can also be
reduced by skin formation on the film surface.72,73 In the pure suspension, a fraction of fine
TiO2 particles (primary particle size ∼25 nm) might be able to diffuse within the solvent
due to low interparticle forces and decrease evaporation rate when forming a packed layer
at the evaporation front as in the formation of coffee rings.74,75 In the capillary suspension,
the particles are trapped by the secondary liquid and are unable to follow the evaporation
front. This striking change in evaporation rate will be addressed in future research.
The formation of capillary suspensions is a generic phenomenon and has been observed for
a large number of particle–liquid–liquid combinations.32,33 The change in drying and crack
formation has also been investigated using other materials besides the TiO2 system discussed
above. For example, the surface of dry films made from zinc oxide capillary suspensions
(ZnO in octanol, φ = 0.05, with added water) exhibits a similar reduction in crack formation
with increasing saturation (Figure 5a). In this system, the cracking is almost completely
prevented at S = 0.05 with very little spherical agglomeration. The example with ZnO
was in the pendular state, but this reduction in cracking caused by the capillary force can
also be observed in the capillary state, where the secondary liquid does not preferentially
wet the particles. In the example shown in Figure 5b, hydrophobically modified CaCO3 is
dispersed in octanol (φ = 0.10) with added water. Since the preferentially wetting liquid
is the majority liquid, the sample without added liquid has S = 1.00, and S = 0.97 with
3 vol% added water. This capillary state system shows large cracks without added water,
but no cracks when water is added. Once again, the cracking was not due to differences in
the film height since both films have a dry film thickness of 20 µm. The network formed
in the capillary state can be a mixture of strong capillary and relatively weak van der
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(b)
Figure 5: Dry surface pattern of (a) the pendular state system using ZnO and (b) the
capillary state system using CaCO3 particles. ZnO was dispersed in n-octanol (φ = 0.05)
and stabilized as capillary suspension with H2O at various saturations as specified in the
images. Hydrophobically modified CaCO3 was dispersed in n-octanol (φ = 0.10) shown with
and without added water.
Waals interactions.59 Therefore, we still expect mixing conditions to be more critical in the
capillary state.76 The reduction in cracking in the capillary state may also be more sensitive
to the drying conditions as the energy balance forcing the particle–liquid–liquid system to
form a stable capillary suspension may not be valid anymore when the surrounding bulk
fluid is totally evaporated due to the sensitivity of this state to the contact angle.34 This
can significantly weaken the attractive force during the later drying stages. Despite these
shortcomings, a reduction in cracks in both pendular and capillary state systems can be
demonstrated.
The particle volume fraction is also expected to influence the observed cracking. In the
case where no secondary liquid is present, either a thinner region is observed in the center of
the sample (e.g., in the TiO2 suspension) as the particles flow toward the edge of the drop
where they form a compact region, or the film shrinks and a denser layer is observed (e.g.
in the Al2O3 suspension). The former case should result in the observed cracks becoming
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thicker and with a wider spacing at higher volume fractions.26 In the latter case, the amount
of shrinkage should change with the volume fraction, meaning that the final film may be
above or below hmax depending on the geometric restrictions. In capillary suspensions, the
shrinkage of the film is reduced (or nonexistent) and no particle mobility toward the edges
is observed. This observation is consistent with the case that the initial (pinning) and
intermediate (packing) drying being replaced by the final (percolation) stage in the capillary
suspension samples where a percolating particle network is already present. Therefore, the
presence of the capillary network is expected to have a more pronounced effect at low volume
fractions. However, crack formation can be significantly reduced even in suspensions with
particle loading as high as φ = 0.15 as shown for the Al2O3 system below.
The reduction in crack formation was investigated in the previous examples using an
n-octanol/H2O system. This reduction can also be observed using paraffin oil as bulk phase
and a water-sucrose solution as secondary phase for Al2O3 (Figure 6). In this case, the solid
volume fraction (φ = 0.15) was higher than the previous examples and even thicker (300 µm
wet film) crack-free layers were obtained. These layers are coated onto a porous ceramic
substrate, debinded to remove the liquids and then sintered. The bulk fluid is removed
through suction into the porous substrate in addition to evaporation during debinding. This
suction can be treated as an “accelerated drying”, where capillary forces still play an impor-
tant role as in conventional air drying processes (e.g., the evaporation of octanol in water
in the systems discussed above). The film thickness after debinding was 193 µm for the
pure suspension and 290 µm for the capillary suspension. The film from the pure suspension
becomes even thinner and denser during sintering (175 µm, porosity  ≈ 35%) than for the
capillary suspension (290 µm,  = 55 ± 2%). This density results from settling of particles
in the weak particle network of pure suspensions during debinding and sintering. Dittmann
et al. already observed a lower porosity and consequently a stronger shrinkage of ceramics
based on pure suspensions compared to ceramics made from capillary suspensions.39 Such
a change in the final porosity of the debinded film could change the CCT,31 but this effect
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Figure 6: Wet, debinded, and sintered Al2O3 ceramic layers with solid volume fraction
φ = 0.15 and with saturation (left) S = 0.000 and (right) S = 0.015. The bottom SEM
images show a cut and polished portion of the sintered films. The diameter of the discs
(shown after sintering) is 30 mm with a wet film thickness of 300 µm. The ceramic layers
with S = 0.000 show strong crack formation after the debinding step and even partial
delamination after sintering.
is minor compared to the influence of the capillary network itself. The crack-free capillary
suspension film shown in Figure 6 is more than 6 times greater than the CCT for the suspen-
sion without added liquid (46 µm in the debinded state). While a change in porosity should
affect hmax, our measured values for the CCT clearly show that the bridges increase this
value by much more than would be predicted for the change in porosity alone. Therefore,
the bridges are clearly beneficial for reducing cracks.
The use of a capillary suspension prevented the formation of cracks on the surface af-
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ter debinding and this crack-free surface even persisted after sintering. SEM images of the
film cross section for ceramic films made from pure suspensions show that the cracks ex-
tend through the film thickness and there is even partial delamination of the film from the
substrate near the crack. The particle migration was restricted in the capillary suspension
following drying and during the initial stages of debinding by the presence of sucrose in the
secondary fluid, which crystallized at the particle contacts. The persistence of this crack-
free nature in capillary suspensions, even during sintering when all of the secondary fluid
has been removed, is likely due to the sample-spanning particle network where particles are
connected to multiple neighbors.59
In the example shown in Figure 6, the 300 µm films were coated onto a sintered Al2O3
substrate with height of 2 mm and porosity of 53± 2%. Such layered, or asymmetric, mem-
branes are used in particle filtration and gas separation where a thin filtration layer is used
to maximize the flow rate while ensuring sufficient mechanical strength.77 The difference in
cracking has a significant impact on the performance of the filter. Permeability measure-
ments show that the sample with cracks made without secondary liquid (S = 0.000) has the
same permeability as the substrate (39.1±6.4 m3/(m2·h·bar) versus 38.2±1.3 m3/(m2·h·bar)
for the substrate). The sample with added liquid (S = 0.015) has a much lower permeability
of 12.1± 3.9 m3/(m2·h·bar). The same trend in permeability was also confirmed for thinner
(100 µm) layers. The film created from the pure suspension had clear cracks and a perme-
ability of 38.9 ± 1.5 m3/(m2·h·bar), whereas the capillary suspension layer had no visible
cracks and a permeability of 26.2± 1.3 m3/(m2·h·bar). In the capillary suspension samples,
the much lower permeability shows that top layer is intact and can still be used for particle
separation. The layers created without secondary fluid are nonfunctional as small particles
would readily pass through the large cracks to the substrate.
This loss in functionality is clearly evident in the filtration tests shown in Figure 7.
Monomodal polystyrene particles with a diameter of 1 µm can be successfully separated
by the 100 µm (wet film) capillary suspension based membrane, whereas the membrane
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Figure 7: Results of filtration tests for a crack-free capillary suspension membrane (S =
0.015) and a pure suspension membrane (S = 0.000) with large cracks. Both membranes
had a wet thickness of 100 µm. Test suspensions were polystyrene particles in water. The
particle size distributions shown here are normalized by the corresponding modal value of the
size distribution. The crack free capillary suspension membrane successfully separates 1 µm
polystyrene particles. The pure suspension membrane cannot even separate 5 µm particles.
made from the pure suspension was not able to separate 5 µm particles because of the large
macroscopic cracks. The pore diameter for the pure suspension sample is d50,3 = 1.2±0.1 µm
and d10,3 = 0.46 ± 0.03 µm. The membrane made from the capillary suspensions exhibits
an average pore size of d50,3 = 4.0± 0.2 µm and d10,3 = 1.7± 0.01 µm. The pore sizes were
measured through image analysis of crosscut SEM images, which can overestimate the pore
size compared to other common methods (e.g., Hg-porosimetry).39,56 Consequently direct
correlations between cutoff determined by filtration tests and pore size from image analysis
are not possible. Nevertheless, it should be easier to separate 1 µm particles with the sample
without added secondary phase than with the capillary suspension sample, since the d10,3,
which should roughly correspond the size of the neck between pores—the limiting length
scale for particles to pass through the filter—is significantly smaller. The failure of this
membrane is obviously due to the large cracks present. This is further confirmed using a
bubble-point test, which measured a pore size of 6.7± 0.1 µm for the film sample. This pore
size is close to that of the substrate itself (7.4 ± 0.3 µm), indicating that the cracks cause
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Figure 8: Conductivity for unsintered nickel films at three thicknesses both without and with
added liquid. The conductivity increases appreciably for the films produced from capillary
suspensions as a function of the film height due to the increase in the area of the conductive
pathway. This measured conductivity is lower for the films made from pure suspensions due
to the partial cracking occurring in this case when the thickness exceeds 180 µm.
this film to have a negligible impact on particle filtration.
A similar loss of function with cracking can also be seen for conductive films like the Ni
layers investigated here. Increased cracking can decrease the conductivity of a film by length-
ening the effective distance between two points due to the creation of tortuous percolation
pathways while reducing the number and effective cross-sectional area of these pathways.78
The conductivity will decrease to zero when the domains become detached. Six nickel films
prepared from pure as well as capillary suspensions were dried but not sintered to test the im-
pact of cracking on the conductivity as shown in Figure 8. Thinner films, both without cracks,
with a thickness near 130 µm had similar conductivities (σS=0.00 = 8.9 ± 0.1 × 10−5 S·m−1
and σS=0.05 = 1.1 ± 0.1 × 10−4 S·m−1). As the film thickness increases, the conductivity
should also increase due to the increasing effective conductive area. This increase is clearly
shown in the films made from capillary suspensions where the conductivity increases linearly
with the film thickness. The increase is also demonstrated for the intermediate thickness
film made from the pure suspension (hS=0.00 = 166±9 µm, σS=0.00 = 1.2±0.1×10−4 S·m−1).
However, the conductivity remains unchanged for the thicker film (hS=0.00 = 227 ± 14 µm,
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σS=0.00 = 1.4 ± 0.1 × 10−4 S·m−1). This is due to the development of cracks in the film
without added liquid at a critical cracking thickness (CCT) between 160 and 200 µm. These
cracks did not extend through the entire thickness of the film, but still increase the effec-
tive conductive pathway. As such, this thicker film did not show the same increase in the
conductivity as the crack free films made from capillary suspensions.
4 Conclusions
We have demonstrated a route to create crack-free particulate films with minimal processing
and material cost just by adding small amounts of a secondary liquid to a suspension thus
introducing capillary bridges between particles. Microscopy images reveal a remarkable
change in the crack pattern of dry films made from suspensions with varying amounts of
secondary liquid for TiO2, ZnO, CaCO3 and Al2O3 systems with crack-free films produced
at thicknesses at least five times greater than the critical cracking thickness measured for the
suspension without added liquid. The reduction in cracking is caused by the bridges between
particles causing a more homogeneous distribution of pore sizes, which prevents the strong
anisotropic stress differences that cause cracking. Furthermore, the bridges between particles
further reduce particle mobility and increase the drying rate of the bulk solvent next to the
substrate. The observed reduction in cracking even persists after sintering as shown for the
Al2O3 thick films. This ceramic sample is significant since the solvents and drying conditions
are very different than the other samples. This implies that there is some resilience for the
reduction in cracking depending on the drying conditions, but a more complete study should
be undertaken.
This reduction in cracking improves the functionality of the films as demonstrated using
membranes for filtration as well as conductive films. The filtration membranes with cracks
demonstrated the same permeability as the porous substrate implying that liquid (and par-
ticles) can easily flow through the large cracks, which traversed the entire film thickness.
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This was further demonstrated with a filtration test. The membrane created from the cap-
illary suspension, which did not exhibit cracking, was able to separate 1 µm particles easily,
whereas the membrane made from the pure suspension could not even separate larger 5 µm
particles. The formation of cracks also interferes with the conductivity of printed films.
Cracks increase the percolation path length or can even prevent a direction connection be-
tween locations. This decrease in conductivity was shown for nickel films made form pure
suspensions that in contrast to films made from capillary suspensions showed cracking at film
thicknesses exceeding 180 µm. The experiments conducted with the TiO2 capillary suspen-
sions clearly showed that the maximum crack-free sheet thickness for capillary suspensions
far exceeds the CCT measured without any capillary interactions.
While this research concentrated on systems without any chemical reactions, this research
can also be applied to systems where reactions between the two fluids or between one of
the fluids and particles take place. Experiments in systems where the secondary fluid is
polymerized or cross-linked have also been conducted.79,80 While the properties affecting
the strength of the capillary interactions, that is, interfacial tension and contact angle, are
modified during this process, a sample-spanning network of particles connected by the bridges
is still present. In fact, this method can be combined with different chemical reactions, for
example, a reducing agent, which can be used to reduce the oxidation of conductive particles.
The explicit effect of particle charge should also be investigated. Given the counteracting
factors of charge on the capillary interaction and on the final particle packing, a thorough
study of the charge on the strength of the capillary networks and on crack formation should
be undertaken.
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